Centrosomes are the ensemble of organelles that form the poles of the mitotic spindle. We have examined the properties of the mechanisms that control the precise doubling, or reproduction, of centrosomes during the cell cycle. A functional analysis of this event in sea urchin eggs indicates that it is limited by the reproduction of determinants that we call polar organizers, around which the centrosome is organized. Each centrosome contains two polar organizers whose splitting, physical separation, and duplication control the reproduction of the centrosome. The splitting and duplication events are distinct processes that can be experimentally put out of phase with each other for several cell cycles. A serial section ultrastructural analysis of centrosomes with altered reproduction shows that the reproductive capacity of a centrosome is correlated with the number of centrioles it contains. In other experiments we show that centrosome reproduction is cytoplasmically controlled; centrosomes repeatedly double in a normal fashion in physically enucleated sea urchin eggs and eggs in which DNA synthesis has been inhibited by aphidicolin. In addition, we show that centrosomes, through the spindle microtubules they nucleate, play an important role in the mechanisms that control the timing of mitotic events and the overall duration of the cell cycle. Taken together, our observations in concert with those of others suggest that the cell cycle is a cytoplasmic phenomenon that does not require nuclear activities for cells that are not growthlimited.
Functional analysis of centrosome reproduction
Our recent research has focussed on the in vivo characterization of the cellular mechanisms that control the reproduction of centrosomes during the cell cycle. This functional analysis of living cells enables us to obtain information that is beyond the reach of biochemical and molecular approaches. We used the fertilized sea urchin egg as an experimental system because this cell has a combination of properties that allow us to perform experiments that would not be feasible with cultured cells or the large opaque eggs of amphibians. Sea urchin eggs are relatively large (about 100 ^m in diameter), have a rapid cell cycle, are optically clear, and live in sea water.
A deceptively simple but important question concerning the reproduction of centrosomes is: how does the cell ensure that two and only two daughter centrosomes will arise from the spindle pole inherited from the previous division? Two studies indicate that the reproduction of centrosomes is not based on a simple fission mechanism whereby approximately equal amounts of the parent centrosome are pulled or pushed apart (Mazia et al. 1960; Sluder and Begg, 1985) . Instead, the cell relies on a generative mechanism whereby the number of new centrosomes formed is limited by the replication of a putative 'seed' or determinant around which the centrosome is organized.
T h e experimental demonstration of this point originated with the elegant study of Mazia et al. (1960) and was more recently extended (Sluder and Begg, 1985) . Fertilized eggs were treated at first metaphase with 0.1 M-mercaptoethanol in sea water for the duration of one cell cycle or more (Fig. 1A) . T h is always caused a complete loss of spindle birefringence, leaving an irregular clear area where the spindle formerly existed (Fig . IB ) . Upon removal of the mercaptoethanol, most eggs immediately began to assemble a functional tetrapolar spindle (Fig. 1C ,D ) . Later, such tetrapolar spindles initiated anaphase, and the eggs cleaved into four as daughter nuclei reformed. T h is transformation of bipolar spindles into tetrapolar spindles could be easily understood if the eggs had traversed a cell cycle in the presence of mercaptoethanol. However, the eggs were arrested in mitosis during the treatment; nuclear envelopes did not reform and the eggs did not synthesize DN A (Bucher and Mazia, 1960; Bibring, 1962; Sluder and Begg, 1985) . Two spindle poles split into four poles while the eggs remained in mitosis.
Although the four asters in each recovering egg appeared normal, their repro ductive capacity was altered; these asters did not double before the next mitosis. At second nuclear envelope breakdown, each of the four daughter cells assembled a m on op olar spindle instead of the normal bipolar spindle (Fig. IE ) . Fig. 1 . Indirect induction of monopolar spindles. A: first metaphase before m ercapto ethanol treatm ent. B : metaphase 5m in after immersion in mercaptoethanol. C : spindle form ing 8 m in after removal of mercaptoethanol. D : later stage of recovery; tetrapolar spindle at metaphase. E : second metaphase; egg has cleaved directly into four and has formed monopolar spindles. F : alternative mode of recovery; tripolar spindle in first mitosis. G : second metaphase; egg has cleaved directly into three. T h e two daughters that receive split poles form monopolar spindles at the second mitosis; the daughter that receives the unsplit pole forms a functional bipolar spindle. Polarization microscopy. Bar, 50 , um. When an existing furrow regressed in first telophase, or when two poles of the tetrapolar spindle did not separate widely, the egg cleaved into three daughter cells (Fig. 1 F ,G ) . These three-way cleavages provided an ideal internal control for the long-term toxicity of mercaptoethanol and provided a way to determine the capacity of the centrosome of the monopolar spindle to reproduce between divisions. Daughter cells that inherited two asters in association with one nucleus, or two closely spaced nuclei, later assembled functional bipolar spindles of normal appearance (Fig. 1G ) . T h e centrosomes of such bipolar spindles always reproduced in a normal fashion at subsequent divisions; they showed normal reproductive capacity. T h is indicates that a monopolar spindle is, for practical purposes, half of a normal spindle and suggests that the mercaptoethanol does not have persistent toxic side effects.
We found that monopolar spindles developed in one of two ways (Sluder and Begg, 1985) . In some cases, the cell entered telophase at the normal time and disassembled the monopolar spindle ( Fig. 2 B ,C ) . Such cells did not cleave, and later reformed a single nucleus (Fig . 2 D ) . At the next mitosis, they assembled functional bipolar spindles of normal appearance (Fig. 2 E ) . All subsequent divisions of such cells were normal. T h is observation indicates that the centrosome of a monopolar spindle has normal reproductive capacity.
T h e more interesting cases were those in which the cells with monopolar spindles stayed in mitosis significantly longer than normal. In such cases, the aster of the monopolar spindle split during mitosis into two asters, which then moved apart ( Fig. 3 A -E ), to yield a functional bipolar spindle of normal appearance (Fig. 3 F ) . In time, such cells initiated anaphase in a normal fashion (Fig. 3G ) and completed mitosis, as seen by the fading of spindle birefringence, cleavage, and reformation of two daughter nuclei (Fig. 3 H -I ) . At the next mitosis, m on opolar spindles were assembled in the daughter cells (Fig. 3 J) . These monopolar spindles, in turn, developed in one of the two modes just described (Sluder and Begg, 1985) .
T o determine if this unusual behavior of the centrosomes was due to persistent effects of the mercaptoethanol, an agent of unknown action on living cells, we used two additional means to prolong mitosis without compromising cell metabolism or viability. A previous study (Sluder, 1979) had shown that inhibition of spindle assembly by Colcemid, at doses specific for microtubule assembly, doubles the duration of mitosis in sea urchin eggs (see Fig. 13 ). We reasoned that prolonging mitosis by Colcemid might allow centrosomes to split during mitosis and lead to the assembly of monopolar spindles at the next mitosis. T hu s, eggs were briefly treated with Colcemid in early prophase of first mitosis in a way that prevented microtubule assembly for several hours without detectable toxic side-effects (Sluder, 1976 (Sluder, , 1979 . Approximately 14-18m in after nuclear envelope breakdown, when the eggs should have been in telophase, individual eggs were briefly irradiated with 366 nm light to photochemically inactivate the Colcemid. T h e irradiated eggs assembled spindles and initiated anaphase approximately lOmin after the irradiation, which is the normal interval between nuclear envelope breakdown and anaphase onset (see Fig. 14) . T h u s, the total duration of prometaphase was more than doubled in these eggs. In such cells the spindles that assembled after the irradiation often had split poles (Sluder, 1979; Sluder and Begg, 1985) . If the split poles moved sufficiently apart, the cell cleaved into three or four cells. Daughter cells receiving an unsplit pole assembled normal bipolar spindles at the next mitosis. However, daughter cells that inherited a split pole each formed a m on op olar spindle at the next mitosis. These monopolar spindles developed in the same ways as those induced by mercapto ethanol. As a second independent means to prolong mitosis, we rearranged spindle organization with a microneedle (Sluder and Begg, 1983, 1985) . In early prometa phase of second mitosis, we cut the spindle of one blastomere at the metaphase plate and separated two asters (Fig. 4B ) . T h e other blastomere served as a control against which to compare the timing of the manipulated cell. (A series of further controls E F G H Fig. 4 . Indirect induction of monopolar spindles by micromanipulation. A -D : at second mitosis the spindle of the upper blastomere is cut with a microneedle into two half spindles. T h is cell stays in mitosis longer than its control. W ith time the asters split and the daughter asters separate to form two bipolar spindles. E : anaphase. F : this blastomere cleaves directly into four (one daughter is out of the plane of focus). G : third m itosis; each daughter assembles a monopolar spindle. G -L : upper left cell; this daughter enters telophase before the aster splits, does not cleave, and later assembles a bipolar spindle at fourth mitosis. T h is cell then com pletes anaphase and cleaves. G -I : top center cell: the aster of the monopolar spindle splits; the daughter asters separate to give a bipolar spindle. J -L : this cell initiates anaphase and later cleaves. At the fourth mitosis its daughters assemble monopolar spindles. Polarization microscopy. M inutes after second nuclear envelope breakdown are shown in each fram e. Bar, 50 fim .
demonstrated that the micromanipulation p e r s e did not produce nonspecific damage to the cell. For example, we repeatedly stirred the cytoplasm and engaged the spindle with the microneedle. All blastomeres subjected to such sham operations completed a normal mitosis in synchrony with their control cells; Sluder and Begg, 1983.) Cells with cut spindles spent, on average, 30m in longer in mitosis than their normal counterparts. When the cell should have been in telophase, the pole of each half spindle split (Fig. 4C ). In time, the two new asters moved apart yielding two functional bipolar spindles in the same cytoplasm (Fig. 4 D ) . After anaphase, the cell reformed four nuclei and sometimes cleaved into four cells. At the next mitosis, four monopolar spindles were assembled (Fig. 4G ). These monopolar spindles developed in the same ways as the monopolar spindles induced by mercaptoethanol or Colcemid (Fig. 4 H -L ) . . . . . The three techniques we used to induce indirectly the formation of monopolar spindles share one effect in common on the cell: they all prolong prometaphase past the time when the cell would have normally been in telophase. Thus, mercaptoetha nol does not have peculiar, long-term effects on the cell; it alters the reproduction of centrosomes simply by prolonging mitosis. Although mercaptoethanol could have other effects on living cells, they are reversible and of secondary importance with respect to the phenomena just described.
The key finding of these studies is that it is possible to induce indirectly the formation of spindle poles with normal appearance but with only half the normal reproductive capacity. The fact that centrosomes can have half the normal reproductive capacity indicates that the reproduction of a spindle pole cannot simply be the subdivision of the centrosomal M TO C , because such a fission mechanism should always give two smaller centrosomes, each of which should have the reproductive capacity of the parent pole.
The phenomena can be most easily explained by postulating that a centrosome is organized around two 'seeds' or 'determinants', called polar organizers, whose splitting and duplication determine how the centrosome will reproduce. Function ally, the reproduction of polar organizers consists of three distinct events: splitting, physical separation, and duplication (Mazia et al. 1960; Sluder and Begg, 1985). Splitting is the event that allows two linked polar organizers to physically separate from each other, and duplication is the assembly of new polar organizers in association with their 'parents'. F or sea urchin eggs, these three events normally occur in rapid sucession during telophase (Mazia et al. 1960). However, if mitosis is prolonged, the splitting and physical separation of polar organizers can occur during the prometaphase-metaphase portion of the cell cycle. Our observation that splitting generally starts when the cell would normally have been in early telophase suggests that this event is controlled by a 'parallel' pathway that is not rigidly linked to the mechanisms governing the time the cell will initiate anaphase and finish mitosis. However, the duplication event, by functional criteria, never occurs until the cell has entered telophase and has started the next cell cycle. The assertion that splitting and duplication are independent, separate events derives from our demonstration that they can be put out of phase with each other for several cell cycles without continued experimental intervention.
Although we do not know the molecular composition or location of the polar organizers, we can characterize their functional behavior. . However, the important, unanswered question is whether or not this RNA is specific to these structures or is cytoplasmic RN A that happens to be in the centrosome. Also, ths role of this RNA in centrosome reproduction has not been investigated.
Ultrastructure of centrosom es with altered reproductive capacity
We sought to determine if any structural feature of the centrosome showed the same behavior as the polar organizers during the induction and development of monopolar spindles. At the time, we speculated that the behavior of the polar organizers might be explained by the splitting and duplication of centriole pairs as is shown in Fig. 5 (Sluder and Begg, 1985; Sluder and Rieder, 1985a) .
T o test this possibility, we treated eggs with mercaptoethanol for about one hour at first metaphase and then followed single living eggs after they assembled tetra polar spindles. At the desired times, individual eggs were circled on the coverslip with a diamond scribe, fixed, and embedded on the coverslip. Each egg was relocated and then serially 0.25 ¿an sectioned for observation with the high-voltage ele:tron microscope to count unambiguously the number of centrioles in all centrosomes (Sluder and Rieder, 1985/a; capacity), and cells in which the monopolar spindles had split to form bipolar spindles (two centrosomes with half-reproductive capacity). This approach gave us the exact prior history of each egg examined at the ultrastructural level, and the existing characterization of the experimental system allowed us to predict how each centrosome would have reproduced had the cell not been fixed.
We found that each centrosome of the tetrapolar spindle formed upon recovery from mercaptoethanol contained only one centriole (Fig. 6) . The centrosomes of monopolar spindles contained exactly two centrioles (Fig. 7) . For monopolar spindles that had split to form bipolar spindles, each centrosome contained just one centriole (Fig. 8) . These results show that the splitting, separation, and duplication of the polar organizers is coincident with the behavior of centrioles. This correlation between the reproductive capacity of a centrosome and the number of centrioles it contains raises the possibility that centrioles, or something spatially associated with them, play an important role in the reproduction of centrosomes in cells that have centrioles. For cells that do not have centrioles, for example higher plant cells, the polar organizers presumably exist in the centrosomes without the nine triplet microtubule structure of centrioles to signal their location. without DNA synthesis. Possibly, the prerequisites for the observed centriolar duplication were completed at the prior, uninhibited round of DN A synthesis. Other experiments indicated that nuclear activities may be necessary for centro some reproduction. Kuriyama and Borisy (1981) demonstrated that new procen trioles did not form in enucleated Chinese hamster ovary cells, although existing procentrioles would continue to elongate. They concluded that transcripts or 'signals' from the nucleus are required at each cell cycle for centriole duplication. T h eir conclusion was supported by reports that inhibition of nuclear transcription by actinomycin D blocks centrosome reproduction in cultured cells (Reich et al. 1962; D eFoor and Stubblefield, 1974) . However, such studies must consider the fact that chemical or physical enucleation stops the cell cycle of such cells; the lack of centriole and centrosome reproduction could simply be due to the arrest of the cell cycle at a point where the cell is not prepared to duplicate these structures.
Role of the nucleus in the reproduction of centrosomes
As a way of circumventing this problem we examined the role of the nucleus in centrosome reproduction in sea urchin eggs, which are not growth-limited (Sluder et al. 1986a ) . Early reports suggested that the nucleus may not be required for duplication of asters in sea urchin eggs (Ziegler, 1898; Wilson, 1925; Lorch, 1952) . However, more recent studies on sea urchin eggs reported that nuclear DN A synthesis is required for centrosome reproduction (Ikegami et al. 1979; Brachet and DePetrocellis, 1981; Nishioka et al. 1984) .
Given these uncertainties, we used a micropipette to physically remove the nucleus from sea urchin eggs in prophase of first mitosis, leaving only one centrosome in the cell (Fig. 9) . We then followed each enucleated egg with the polarizing microscope to examine changes in astral morphology and determine how the remaining aster reproduced, if at all. In all cases, we found that the remaining aster repeatedly doubled in a precise 1 -2 -4 -8 fashion in proper coordination with cyclical changes in astral birefringence (Fig. 10) .
T o see if centrioles also reproduced in proper coordination with the doubling of the centrosomal M T O C , we enucleated eggs and followed them individually until the centrosome had doubled three times to form eight asters. Each egg was then removed from the preparation, fixed, embedded, and serially 0.25 fim sectioned for observation with the high-voltage electron microscope (Sluder et al. 1986a) . We thus knew the prior history of each egg examined at the ultrastructural level and could precisely count the centrioles in all eight asters.
For all centrosomes serially reconstructed, we found two and only two centrioles at the astral focus (Fig. 11) . T hu s, each egg started with two centrioles in one centrosome just after the enucleation and, at the time of fixation, contained sixteen centrioles in eight centrosomes. Centriole duplication and distribution occurred in a normal fashion in the absence a nucleus. These results show that input from the nucleus at each cell cycle in the form of a 'signal' or RN A transcripts is not mandatory for the repeated reproduction of complete centrosomes. Everything required for centrosome reproduction can be stored as pre-existing pools of subunits or as their RNA precursors. Furthermore, the mechanisms that control the number of centrosomes formed and control the quantity of subunits recruited from the pre existing pools must be entirely cytoplasmic.
We realize that studies on cultured cells, showing that enucleation prevents procentriole formation and centrosome reproduction, question the applicability of our results to 'typical' somatic cells. Clearly the sea urchin egg is a specialized cell that does not need to grow between divisions. In this regard, our key finding is that the minimal, essential mechanisms for centrosome reproduction can be entirely cytoplasmic. T h e demonstration that cultured cells require a nucleus for centrosome reproduction may only reflect the fact that enucleation stops their cell cycle at a point H Fig. 11 . U ltrastructural analysis of centriole reproduction in an enucleated egg. T h is egg was enucleated and followed until the single rem aining centrosom e had reproduced to eight. Inset at top: egg just prior to fixation; only five of the eight centrosom es and an oil drop are visible in this plane of focus. Sequence I : serial reconstruction of one centrosom e from the egg shown in the inset. Tw o slightly separated centrioles (fram es A and E -F ) are found in this centrosom e. Sequence I I : serial reconstruction of a second centrosom e from the same egg. T h is centrosome also contains two centrioles (fram es B and F -G ) .
T h e rem aining centrosom es all contain just two centrioles. Inset: lOfim per scale division. where the centrosomes are not scheduled to reproduce. Even if specialized interlocks between nuclear activities and centrosome reproduction do exist in cultured cells, such limits may operate in addition to the minimal cytoplasmic mechanisms that are revealed only in cells that are not growth-limited. We noted that our results were at variance with reports that inhibition of DNA synthesis by aphidicolin blocks centrosome reproduction in sea urchin eggs (Ikegami et al. 1979; Brachet and DePetrocellis, 1981; Nishioka et al. 1984) . T hu s, we re examined the effects of aphidicolin on centrosome reproduction in eggs from three species of sea urchins (Sluder and Lewis, 1987) . We empirically determined that aphidicolin inhibited DN A synthesis to the extent previously reported, and consistently observed that asters repeatedly doubled in the presence of aphidicolin (Fig. 12) . However, the cycle of aster doubling was slower and more variable in the treated cultures. These results are consistent with our conclusion that nuclear activities are not part of the control mechanisms for centrosome reproduction.
Tim ing of m itotic events
T h e inter-relationship between centrosomes and the cell cycle is not one-sided. Even though the reproduction of centrosomes and the changes in their capacity to nucleate microtubules are driven by the cell cycle, centrosomes, through the microtubules they nucleate, play an important role in the timing of the cell cycle (Sluder, 1979; Sluder and Begg, 1983; Sluder et al. 1986b ) . Without fully describing this work, I will briefly summarize our experimental results and some of the conclusions that can be drawn from them.
Sea urchin eggs were briefly treated with Colcemid in prophase of first mitosis to prevent microtubule assembly, at a dose specific for microtubule assembly (Sluder, 1979) . T h e cell cycle continued as seen by cycles of nuclear envelope breakdownreformation, and regular increases in chromosome number. T h e duration of each mitosis was almost exactly doubled, and the cell cycle as a whole was correspondingly prolonged (Fig. 13) . During this prolonged mitosis, the splitting of chromosomes (anaphase without chromosome separation) was markedly delayed.
Within the prolonged mitosis, the time at which microtubule assembly begins determines when the cell initiates anaphase, finishes mitosis, and starts the next cell cycle. Eggs were briefly treated with Colcemid in early prophase to prevent microtubule assembly. At various times after nuclear envelope breakdown, indi vidual eggs were irradiated with 366 nm light to photochemically inactivate the Colcemid and allow them to assemble spindle microtubules. For irradiations up to the time when the eggs would have normally been in telophase, the cells assembled a spindle over the normal time course and initiated anaphase lOmin after the irradiation (Fig. 14) . T h is is the normal interval between nuclear envelope break down and anaphase onset. Anaphase onset followed the irradiation, not first nuclear envelope breakdown, by a constant interval. In this fashion, the prometaphase portion of the cell cycle could be more than doubled. Once the egg initiated anaphase, the telophase fading of spindle birefringence, nuclear envelope reforma tion, cleavage, and the start of the second mitosis (at second nuclear envelope breakdown) occurred at normal intervals as a temporal linkage group.
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In addition, we found that spindle size influences the timing of mitotic events (Sluder, 1979) . Instead of completely blocking spindle microtubule assembly, lower doses of Colcemid were used to diminish the size and birefringence of spindles. In all cases, cells with smaller spindles took longer to go from nuclear envelope breakdown to anaphase onset than their counterparts with normal sized spindles (Fig. 15) . However, once the eggs with diminished spindles initiated anaphase, the cell cy;le proceeded to the next nuclear envelope breakdown with normal timing.
We also characterized the importance of the spatial arrangement of spindle microtubules in the timing of mitotic events (Sluder and Begg, 1983) . In e a _ly prometaphase of second mitosis, a microneedle was used to cut and separate the spindle of one blastomere into two half-spindles (Fig. 4) . T h e unoperated daughter cell served as a control against which to compare the timing of the experimental cell. T h e microsurgical operation p e r se did not nonspecifically damage the eggs. We found that blastomeres with cut spindles take, on average, 48 min to proceed frcm nuclear envelope breakdown to telophase as opposed to 15 min for their same embr/o 20.5 F ig. IS . M itosis of daughter blastomeres with different-sized spindles. T h is zygote was treated with Colcemid at first cleavage. Second nuclear envelope breakdown occurred synchronously in both daughter cells. Shortly thereafter, the upper blastomere was irradiated with 366 nm light to locally inactivate the Colcem id. A: prometaphase in both blastomeres. B : asychronous anaphase onset; the large spindle initiated anaphase 3 min earlier than the smaller one. C : telophase and cleavage in the irradiated cell while the unirradiated cell is in anaphase. D : telophase and cleavage in lower blastomere. M inutes after second nuclear envelope breakdown are shown in each fram e. Polarization m icrographs; 50 fxm per scale division.
control cells. Once the manipulated cells entered telophase, the time to the start of the next mitosis was normal.
As a second way of producing spindles of altered geometry, we indirectly induced the formation of monopolar spindles using mercaptoethanol as described earlier in this article. T h e timing of blastomeres with monopolar spindles was compared to same embryo blastomeres in which two monopoles came together to form a functional bipolar spindle (Fig. 1G ) . Cells with monopolar spindles spent signifi cantly more time in mitosis (49 min on average) than their controls with bipolar spindles ( 1 5 min on average).
In addition, we compared the timing of eggs containing Colcemid-diminished bipolar spindles to those containing monopolar spindles or cut spindles. Microtubule distribution and half-spindle birefringence indicate that monopolar spindles have at least as much total polymerized tubulin as diminished bipolar spindles (Fig. 16) . We found that cells with monopolar or cut bipolar spindles spent, on average, more than twice as much time between nuclear envelope breakdown and telophase as cells with diminished bipolar spindles (48 and 2 2 min, respectively). T hu s, a bipolar spindle, even though much smaller than normal, enables a cell to traverse mitosis faster than a spindle with only one pole. These results show that the timing mechanisms are more sensitive to the spatial arrangement of spindle microtubules than the total quantity of microtubules assembled. T h is observation is important because it rules out simple models for the involvement of spindle microtubules in the timing mechanisms. For example, if astral microtubules are helping to move substances and organelles within the cell, a monopolar spindle with its significantly longer, more plentiful astral microtubules should be more effective than the two almost imperceptible asters of the diminished bipolar spindle. T h e birefringence of the region between the chromosomes and the pole is the same in t h ; monopolar and bipolar spindles. T h e measured birefringence of the diminished spindle is about half that of the other two, but is not evident in this photographic reproduction. Polarization micrographs; 10 fim per scale division.
How then could spindle microtubules participate in the mechanisms that control the timing of mitotic events? Although we do not have an answer to this question, an interesting correlation suggests that aster/cortex interactions may be important in the timing of the cell cycle. T h e cleavage furrow is triggered at the time of anaphase onset by the interaction of two asters with the cell cortex (Rappaport, 1986) . We noted that spindle perturbations which influence the duration of prometaphase also influence the extent to which an egg forms a cleavage furrow. (1) When sp ndle microtubule assembly is prevented, mitosis is significantly prolonged and a cleavage furrow is not formed. (2) When microtubule assembly is diminished, anaphase onset is delayed and only weak furrows, if any, are formed. (3) Cells with monopolar spindles traverse mitosis slowly and do not show any surface activity that could be regarded as a cleavage equivalent, and (4) when a spindle is cut and the asters moved apart, mitosis is significantly prolonged and only weak furrows, if any, are formed. T h is is consistent with the demonstration that astral spacing influences furrow formation (Rappaport, 1989) . These correlations suggest that an aster/cortex interaction leads to a physiological change which is a key transition point in the cell cycle that commits the cell to initiate anaphase and finish mitosis.
C ytoplasm ic control of the cell cycle
Our observations that centrosome reproduction, astral birefringence, and cleavage furrow initiation repeatedly cycle in enucleated eggs (Sluder et al. 1986a ) add more items to the growing list of cell cycle events that appear to be controlled in the cytoplasm. For example, cycles of cortical stiffness and the cytoplasm's abili ;y to condense chromosomes continue in enucleated sea urchin eggs (Yoneda et al. 1978; Krystal and Poccia, 1979) . Also, cyclical changes in the activity of maturation promoting factor and waves of surface contraction have been observed in enucleated Xenopus eggs (Kirschner et al. 1985) .
The cyclic nature of these events in the absence of the nucleus, our findings that spindle microtubules play an important role in the timing of the mitosis portion of the cell cycle, and the role of the cyclical accumulation of cyclin proteins in the cell cycle (reviewed by Dunphy and Newport, 1988) suggest that the mechanisms that drive the cell cycle are cytoplasmic, not nuclear. Contrary to past practice, the cell cycle might best be defined in terms of a cyclical change in cytoplasmic state rather than by changes in nuclear morphology or activity. The experimental demonstration of this can only be made with cells such as eggs, which are not growth-limited. For somatic cells, the observed requirement of nuclear acivities for the continuation of the cell cycle may simply indicate that the substances required by the cytoplasm must be produced at or near the time they are needed. Thus, nuclear events may not drive the cell cycle, but rather reflect the directions given by changing cytoplasmic conditions. 
